We exploited the natural histidine auxotrophy of Francisella species to develop hisD (encodes histidinol dehydrogenase) as a positive selection marker. A shuttle plasmid (pBR103) carrying Escherichia coli hisD and designed for cloning of PCR fragments replicated in both attenuated and highly virulent Francisella strains. During this work, we formulated a simplified defined growth medium for Francisella novicida.
T raditional genetic analysis of bacteria relies heavily on antibiotic resistance determinants as positive selection markers. However, the use of such resistance determinants to study highly virulent pathogens may be problematic since it introduces a source of resistance to drugs that could potentially be used to treat outbreaks. The work presented here provides an alternative selective marker based on the complementation of a natural amino acid biosynthetic deficiency of Francisella, a genus that includes some of the most infectious bacterial pathogens known.
Francisella tularensis is a Gram-negative, facultative intracellular pathogen that causes the disease tularemia (13) . Two subspecies of F. tularensis are the significant human pathogens (5) . A related species (F. novicida) and an attenuated strain (F. tularensis subsp. holarctica LVS) are commonly used as surrogates for highly virulent F. tularensis strains because they cause tularemia-like diseases in mice but are not virulent toward humans (5) . A variety of tools have made sophisticated genetic analysis of Francisella possible (6, 9, 11, 12, 16) .
New defined media for Francisella. To help identify nutritional requirements that could provide selective markers, we developed a simplified defined medium for F. novicida. A relatively complex medium (CDM) (4) that supports the growth of Francisella spp. was used as a starting point. CDM contains glucose, 13 amino acids, and additional micronutrients (Table 1) . In simplifying the medium, we were guided by bioinformatic studies of the sequenced F. novicida and F. tularensis genomes which indicated that genes required for the synthesis of five amino acids were fully (histidine, methionine, and arginine) or partially (cysteine and lysine) absent from both (10; data not shown).
For the new medium, the growth of F. novicida on combinations of the 13 amino acids present in CDM was examined. We ultimately identified a medium containing glucose and eight amino acids (NDM) that supported single colony formation by F. novicida in 2 days at 37°C (Table 1 ). These tests found that (i) only cysteine, histidine, methionine, and arginine were absolutely required for growth; (ii) while not strictly required, four amino acids (lysine, leucine, proline, and threonine) significantly enhanced growth; and (iii) serine inhibited growth. Although not the most minimal formulation that supports F. novicida growth, NDM is considerably less complex than CDM yet still supports robust growth.
A supplemented version of NDM (NDMS) ( Complementation of the histidine auxotrophy of F. novicida with hisD. Histidine is synthesized by a 10-step pathway whose final two steps, successive oxidations of L-histidinol, are catalyzed by the hisD gene product (histidinol dehydrogenase) (Fig. 1A) . Genes encoding the pathway enzymes are all absent from sequenced Francisella genomes as analyzed with PGAT (3; data not shown), and wild-type strains thus require histidine for growth. To test whether this natural auxotrophy could form the basis of a new selectable marker, we sought to complement the deficit by introducing a functional hisD gene and assaying growth on Lhistidinol. The capacity to select for hisD function independent of the other his genes using histidinol has been extensively employed in genetic studies of the S. enterica his operon (2) .
As a first test, the hisD open reading frame from Escherichia coli was cloned into a plasmid capable of replication in E. coli and Francisella (pKK214GFP) (1), placing hisD under F. holarctica LVS groES promoter control. The hisD gene was amplified from E. coli MG1655 chromosomal DNA using oligonucleotide primers with NdeI and EcoRI restriction enzyme sites engineered into their ends (GTGATCCATATGAGCTTTAACACAATCATTGAC and TCGGTAGAATTCACGGTGCTCATGCTTGC) to facilitate cloning. The resulting hisD ϩ plasmid (pLG78) and its hisD mutant parent were transformed into F. novicida (with selection for tetracycline resistance), and transformants were patched onto defined medium containing histidine or histidinol in place of histidine. Robust growth and single colony formation on histidinol were observed for cells carrying pLG78 but not the parent plasmid, demonstrating complementation by hisD (Fig. 1B) . The efficiency of colony formation for pLG78 transformant cells grown in culture was found to be approximately the same on both histidine and histidinol media. Furthermore, in reconstruction experiments in which mixtures of hisD mutant parent and hisD ϩ transformant cells were plated on histidinol medium, it was possible to detect about 35% hisD ϩ cells in a 10 Ϫ6 mixture with hisD mutant cells. These results imply that hisD functions effectively as a positive selective marker in F. novicida.
Shuttle plasmid employing hisD selection. To facilitate DNA cloning using hisD as a selective marker in virulent strains of Francisella, we created a second plasmid (pBR103) that supports both traditional cloning of restriction fragments using "blue-white" screening and uracil-specific excision reagent (USER) cloning of PCR fragments (15) (Fig. 2) . Plasmid pBR103 was constructed from pLG78 ( Fig. 1) by first eliminating an EcoRV-MscI fragment carrying tet and then inserting a 2,042-bp PCR fragment carrying lacZ␣ with a USER cloning site and the bla gene from pNEB206A (New England BioLabs) and finally eliminating two XbaI sites by site-directed mutagenesis. Transformants carrying pBR103 can be selected using ampicillin resistance (or complementation of hisD mutants) in E. coli and histidinol growth in F. novicida. (Francisella strains, including those of F. novicida, are naturally resistant to ampicillin.)
Selection of pBR103 transformants with hisD was possible for a variety of Francisella strains, including highly virulent F. tularensis subsp. holarctica FSC200 and F. tularensis subsp. tularensis Schu S4 (Table 2 ). Plasmid DNA isolated from E. coli was introduced by cryotransformation (14) , with transformants selected on NDMS medium containing histidinol in place of histidine. Transforma- in the supplemental material. repA, replication region from pFNL10; ori, replication origin from p15A; bla, ␤-lactamase gene; lacZ, ␤-galactosidase gene. tion of a restriction-negative F. novicida mutant was more efficient than that of its wild-type parent, as observed previously (8) . Colonies were never observed in control experiments without DNA, implying a background of Ͻ10 Ϫ9 . The transformation efficiency of strain Schu S4 was low and was not improved by plasmid DNA isolated from Schu S4 cells, indicating that the inefficiency was probably not due to DNA restriction. For each strain, plasmid DNA from transformant colonies was verified to have the appropriate structure by restriction mapping (a total of 35 plasmids). Plasmid pBR103 DNA isolated from a restriction-negative, modification-positive strain of F. novicida (MFN245) (8) rather than E. coli also yielded Ͼ2 ϫ 10 2 transformants/g of DNA when transformed into F. novicida U112, F. tularensis subsp. holarctica LVS, and FSC200 (not shown).
To test the function of pBR103 for cloning, we introduced a PCR fragment carrying the green fluorescent protein (GFP) gene by USER cloning. The resulting plasmid (pBR104) could also be introduced into Francisella strains by hisD selection and expressed GFP efficiently in transformant colonies (Table 2) .
Two tests indicated that plasmid DNA did not undergo major structural rearrangements during transformation and propagation. First, plasmid pBR103 and pBR104 DNA isolated from the four different Francisella strains did not exhibit changes in plasmid structure detectable by restriction mapping (35 plasmids were examined). Second, of Ͼ3,000 pBR104 transformant colonies of the four strains examined, none had lost fluorescence. Although most of our studies employed solid medium, plasmid pBR103 also supported the growth of F. novicida U112 on histidinol in liquid medium (NDMS with histidinol in place of histidine) with a growth rate of about half of that observed in medium with histidine (not shown).
Conclusion. Selection of hisD provides a simple, low-background alternative to antibiotic resistance-based selection. Compared to other non-antibiotic resistance markers, hisD selection has two advantages. First, because selection is not based on resistance of any sort, e.g., to toxic substances that are not antibiotics, there should be no risk of inadvertent selection of mutants crossresistant to clinically useful antibiotics. Second, because hisD selection is based on a natural rather than an engineered auxotrophy, it can be employed in existing Francisella strains without additional genetic manipulation.
Nucleotide sequence accession number. The nucleotide sequence of pBR103 has been submitted to GenBank and assigned accession number JQ927446.
